We have studied the initial stage of the growth of yttria-stabilized zirconia ͑YSZ͒ films on natively oxidized ͑100͒ Si wafer by pulsed-laser deposition. X-ray photoelectron spectroscopy and high-resolution electron microscopy show that, for the first few monolayers of crystalline YSZ deposited on ͑100͒ Si, the dynamic processes appear to be the decomposition of SiO 2 to SiO, the formation of ZrO 2 , and the desorption of SiO. The native amorphous SiO 2 layer is removed completely with the continued deposition of YSZ. The atomically sharp and commensurate YSZ/Si interface is suggested to have a sequence of Si-Si-O-Zr-O-.
͑Received 11 December 2001; accepted for publication 5 February 2002͒ We have studied the initial stage of the growth of yttria-stabilized zirconia ͑YSZ͒ films on natively oxidized ͑100͒ Si wafer by pulsed-laser deposition. X-ray photoelectron spectroscopy and high-resolution electron microscopy show that, for the first few monolayers of crystalline YSZ deposited on ͑100͒ Si, the dynamic processes appear to be the decomposition of SiO 2 to SiO, the formation of ZrO 2 , and the desorption of SiO Developments in the semiconductor industry over the past 20 years have dramatically reduced the feature size of metal-oxide-semiconductor transistors, and the gate oxide SiO 2 thickness has been scaled down to around 2 nm.
1,2 To further the ambition of minimizing feature sizes, alternative gate dielectrics with much higher dielectric constant ͑⑀͒ are needed to replace the conventional SiO 2 (⑀ silica ϳ4) 3,4 dielectrics. Crystalline oxides on silicon as alternative gate dielectrics, [5] [6] [7] [8] [9] maintaining one-to-one atomic correspondence at the oxide/silicon interface without the formation of an underlying SiO 2 layer, are expected to have excellent physical properties and chemical stability. However, the issue concerning the dynamic growth process of crystalline oxide on silicon is a very crucial step and should be solved first for the implementation of this structure. In this letter we present experimental results that reveal the dynamic growth mechanism of crystalline oxide on natively oxidized silicon wafer.
Yttria-stabilized zirconia ͑YSZ͒ is chosen as the target material, as it has a sufficiently large electron barrier 10 and excellent thermodynamic stability in contact with Si at temperature up to 900°C. [10] [11] [12] [13] [14] [15] [16] The pulsed laser deposition system with a base vacuum of 5ϫ10 Ϫ7 mbar is used to grow YSZ films on ͑100͒ Si. 9, 17 All the Si substrates were cut from one piece of as-purchased Si wafer used in chip manufacturing. This is to ensure that each substrate has an identical native oxide layer, surface morphology and crystalline orientation. As determined by high-resolution transmission electron microscopy ͑HRTEM͒ analysis, the thickness of the native SiO 2 is around 1.0-1.5 nm. The Si substrates are ultrasonically cleaned in dilute nitric acid and then thoroughly rinsed. In this treatment the amorphous SiO 2 layer remains on the substrates. The deposition is done at a substrate temperature of 730°C in an ambient oxygen pressure of 6 -8ϫ10 Ϫ6 mbar. This pressure is just above the transition line from passive oxidation to active oxidation in the P-T phase diagram of silicon oxidation, and at the same time the desorption of SiO can be expected to take place in this condition. 18 -20 Laser fluence ͑wavelength 248 nm͒ of 1.5 J/cm 2 and laser repetition frequency of 3 Hz are set for all the samples. YSZ films are deposited for only 5, 10, 20, and 30 s, respectively. For the 30 s film, the thickness is about 1.5 nm.
As the deposition of YSZ is performed at a temperature over 700°C, one concern would be whether the thickness of native SiO 2 on substrate remains the same or increases. Figures 1͑a͒ and 1͑b͒ show the x-ray photoelectron spectroscopy ͑XPS͒ spectra obtained from an as-cleaned substrate and a substrate which has been heated in the deposition chamber at 730°C for 5 min in the deposition pressure but without the deposition of YSZ, respectively. Comparing Fig. 1͑b͒ with APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 14 8 APRIL 2002 significantly; this implies that the heating treatment does not result in considerable further oxidation of the Si surface. In the series of samples where YSZ thin films are deposited on the substrates for 5, 10, 20, and 30 s, an evolution of the Si 2 p peaks in both intensity and position in their XPS spectra ͓Figs. 1͑c͒-1͑f͔͒ can be observed. Comparing the Si 2p peaks in Figs. 1͑b͒ and 1͑f͒, we find that the intensity from Si is dramatically reduced in the latter. This reduction is due to the substrate being covered by a layer of ZrO 2 film that attenuates the photoelectron signals.
Although the thickness of ZrO 2 layer is different for different samples and it is hard to extract the variation of SiO 2 thickness from the intensity variation by simulation, the bond information can be obtained from the shift of the peak locations. The Si 2p peak corresponding to SiO 2 shifts towards lower binding energy, from 103.6 eV ͓Fig. 1͑b͔͒ to 102.8 eV ͓Fig. 1͑f͔͒. This can be attributed to two causes: one is the oxygen loss for SiO 2 layer; another one is the formation of silicate. [21] [22] [23] In order to check this kinetic process, we turn to O 1s and Zr 3d core-level spectra to examine the nature of oxide formed on the silicon, shown in Figs. 2 and 3 , respectively. Before the deposition of YSZ, both native substrate and heated substrate present only a peak near 533 eV, corresponding to the O 1s binding energy for SiO 2 . The slight shift of the O 1s peak 0.3 eV towards higher binding energy, together with the enhancement of the Si 2p peak intensity shown in Fig. 1͑b͒ , are attributed to the incorporation of a small amount of oxygen atoms into the substrate surface during the heating process. However, after YSZ is deposited for 5 s, the peak at 533 eV disappears and a peak at 530.5 eV emerges. With increasing YSZ thickness, this peak keeps on shifting towards lower energy and fixes its position at 529.4 eV after deposition of 2-3 ML of YSZ ͑20-30 s of deposition͒. The binding energy of O 1s in ZrO 2 is 529.4 eV. The O 1s binding energy for silicate is in the range 531.1-532.0 eV. [21] [22] [23] The jump of peak to 530.3 eV for the 5 s sample in Fig. 2 could be considered as the combination of a dominating O 1s peak from ZrO 2 , and a weak O 1s peak from oxygen deficient SiO x (xϽ2) and the silicate. With continued YSZ deposition, the peak shape becomes sharper and the peak shifts to lower binding energy at 529.4 eV, corresponding to that of ZrO 2 . In addition, as seen from the HRTEM image in Fig. 4͑a͒ , the YSZ films are found to grow epitaxially on ͑100͒ Si substrate. From the film surface to the interface, the films show uniform atomic pattern, cubic YSZ structure, which had been confirmed by the electron diffraction pattern and the x-ray diffraction pattern. 24 The epitaxial relationship between YSZ and silicon is YSZ ͑001͒ ʈ Si ͑001͒ and YSZ ͓100͔ ʈ Si ͓100͔. Figure 4͑a͒ shows a magnified HRTEM interface image of crystalline YSZ film on ͑100͒ Si wafer. It can be clearly seen that there is no amorphous interfacial oxide at the interface. The simulated HRTEM image of crystalline YSZ on silicon ͓in Fig. 4͑b͔͒ is well in agreement with experimental HRTEM image, indicating that the film on silicon is cubic YSZ film. Based on the HRTEM cross-section images of the YSZ/Si interface in Fig. 4͑a͒ and the priority sequence for forming different stable phases, 25 the atomic structure of the YSZ/Si interface is proposed to be -Si-O-Zr-O-as shown in Fig. 4͑c͒ . Therefore, we think, when the deposited film is very thin ͑such as 5 and 10 s samples͒ and the native SiO 2 layer has not been completely removed, the deposited YSZ reacts with part of SiO 2 to form Zr-silicate; the Si-O-Zr and Si-O bonds in the silicate and SiO 2 contribute greatly to the XPS O 1s peaks. But in the oxygen deficient environment, the Zr ions will absorb the oxygen atoms in the silicate layer, and the silicate will decompose with the continued deposition of YSZ to form stable ZrO 2 . 11 Recent experiment indicates there is no silicate forming during subsequent rapid thermal annealing of ZrO 2 in high oxygen pressure. 15 Thus the formation of ZrO 2 is an irreversible process, and the original amorphous SiO 2 is removed with the progress of film deposition.
As we noted before, all the films are fabricated on na- tively oxidized silicon wafers. The thickness of native oxide is about 1.5 nm. However, no amorphous SiO 2 layer can be observed at the YSZ/Si interface. Therefore, we think this phenomenon is due to the following chemical reaction at the initial stage of YSZ deposition on natively oxidized Si wafers: ZrϩSiO 2 →Zr-silicate→ZrO 2 ϩSiO or ZrϩSiO 2 →ZrO 2 ϩSiO, followed by the desorption process of SiO because of low ambient oxygen pressure and high temperature. 20 This view is further supported by Zr 3d spectra and HRTEM analysis.
In contrast to the change in the Si 2p and O 1s binding energies, the XPS spectra of Zr 3d 5/2 ͑183.2 eV͒ and Zr 3d 3/2 ͑185.6 eV͒ peaks only show enhanced intensity but without energy shift ͑Fig. 3͒ with the variation of film thickness. The distance between two peaks does not change for different films. These two peaks correspond to the binding energy of Zr-O in ZrO 2 structure. There is no sign of Zr-Si bonds ͑e.g., from ZrSi 2 ͒ appearing in the XPS spectra. 13 As to the variation of peak shapes for different samples, it can be attributed to the contribution of Si-O-Zr bonds when the deposited film is very thin, which has been discussed above.
From experimental and simulation studies on the lasergenerated plume, 26 it is known that at an ambient gas pressure of 10 Ϫ6 mbar, the species in the plume could reach a kinetic energy as high as 10 3 eV. When Zr ions with kinetic energy of 10 2 -10 3 eV impinge on the Si substrate surface, Zr ions may easily travel through a few monolayers of SiO 2 and cause collision-induced bond breaking or vibration, which consequently induce the chemical reactions described above. The ambient oxygen pressure and substrate temperature in our experiment are controlled in critical regions such that the formation of zirconium silicide (ZrSi 2 ) is suppressed but allows the SiO, an intermediate product of the reaction, to be easily evaporated from substrate surface. Thus the amorphous oxide layer on the substrate is removed immediately when Zr ions impinge on the substrate and a commensurate interface between ZrO 2 and Si is formed. The experimental results discussed above are the direct evidence that the dynamic processes are de-oxidization processes from SiO 2 to SiO x (xϽ2), the desorption of SiO, and the formation of crystalline ZrO 2 .
In summary, we present clear evidence on the growth mechanism of commensurately crystalline YSZ on natively oxidized Si wafer. The dynamic processes at the initial stage appear to be the decomposition of SiO 2 to SiO, the formation of ZrO 2 , and the desorption of SiO. The native SiO 2 is removed immediately when Zr atoms impinge upon the substrate surface, while the SiO 2 layer can be an oxygen source to form initial monolayers of ZrO 2 . As a result of the excellent structural properties, the crystalline YSZ on Si show much low leakage current. 9 The description of the dynamic growth mechanism of crystalline YSZ can be applied to fabricate other dielectric films on silicon or SiGe substrate by other techniques, such as sputtering.
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